INTRODUCTION
============

The elaborate equipoise between osteoblastic bone formation and osteoclastic bone resorption is essential in the maintenance of bone homeostasis. Disruption of the balance caused by abnormal osteoclast activity leads to osteolytic bone diseases. The bone-resorbing osteoclasts are multinucleated giant cells formed through several processes, including the proliferation and differentiation of monocyte/macrophage lineage precursor cells into mononuclear preosteoclasts, as well as cellular fusion of preosteoclasts ([@b1-bmb-52-409], [@b2-bmb-52-409]). Osteoclast formation requires macrophage colony-stimulating factor (M-CSF) and the receptor activator of NF-κB ligand (RANKL) ([@b3-bmb-52-409]). M-CSF primarily supports the proliferation and survival of osteoclast precursors, and RANKL is responsible for the differentiation and resorbing function of osteoclasts ([@b4-bmb-52-409]). RANKL-RANK interaction triggers the activation of mitogen-activated protein kinases (MAPKs), such as p38, extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK), and NF-κB, which is followed by the induction and activation of nuclear factor of activated T-cell c1 (NFATc1) ([@b5-bmb-52-409]). Eventually, NFATc1 upregulates the expression of osteoclast-related genes, such as tartrate-resistant acid phosphatase (*TRAP/ACP5*), cathepsin K (*CTSK*), dendritic cell-specific transmembrane protein (*DCSTAMP*), and matrix metallopeptidases (*MMP*) ([@b6-bmb-52-409]). Therefore, RANKL/RANK signaling pathways have been recognized as potential therapeutic targets in the development of novel drugs to treat osteolytic bone diseases.

There is a growing interest in natural products for drug discovery, owing to their specific biological and pharmaceutical properties. Galla Rhois is the excrescence caused by aphids, and several studies have reported that Galla Rhois and its constituents exhibit biological and pharmacological activities, including antimicrobial, antibacterial, antifungal, anticancer, and anti-inflammatory activities ([@b7-bmb-52-409], [@b8-bmb-52-409]). Owing to its numerous medicinal activities, Galla Rhois has been used to treat bleeding, diarrhea, and coughing in the folk medicine of Korea and other Asian countries ([@b9-bmb-52-409]). In a previous study on the discovery of naturally occurring compounds as potent anti-obesity agents, we isolated seven bioactive phenolic compounds from Galla Rhois, and reported that 2-*O*-digalloyl- 1,3,4,6-tetra-*O*-galloyl-β-D-glucose (DTOGG), which is composed of six galloyl groups in the glucose core, strongly inhibits pancreatic lipase activity and adipocyte differentiation in 3T3-L1 cells ([@b10-bmb-52-409]). Epidemiological and animal studies have revealed that obesity affects bone metabolism and is closely associated with diverse musculoskeletal disorders, such as osteoarthritis, osteoporosis, and rheumatoid arthritis ([@b11-bmb-52-409]). Furthermore, body fat mass and serum lipid are risk factors for osteoporosis and related fractures ([@b12-bmb-52-409]). Xanthohumol (XN), a natural compound isolated from the hops plant, exhibits not only anti-obesity effects partly via the AMPK signaling pathway but also anti-osteoclastogenic activity through RANK/TRAF6 signaling pathways ([@b13-bmb-52-409], [@b14-bmb-52-409]). In addition, barley, a natural food with health benefits, has been reported to show both anti-obesity and anti-bone-resorptive effects ([@b15-bmb-52-409]). However, to date, the role of DTOGG in osteoclast differentiation has not been investigated.

To discover a natural alternative drug for osteolytic bone diseases, we examined the effect of DTOGG on RANKL-mediated osteoclastogenesis in bone marrow-derived macrophages (BMMs) and the bone-resorbing function of mature osteoclasts. We further investigated the modes of action of DTOGG on osteoclast differentiation and function.

RESULTS
=======

Effect of DTOGG on RANKL-induced osteoclastogenesis
---------------------------------------------------

To clarify whether DTOGG modulates the differentiation of BMMs into osteoclasts, BMMs were treated with DTOGG in the presence of M-CSF and RANKL. As expected, M-CSF and RANKL stimulated the formation of TRAP-positive multinucleated cells in the vehicle-treated control at day 4 ([Fig. 1C](#f1-bmb-52-409){ref-type="fig"}). However, the addition of DTOGG significantly prevented the differentiation of BMMs into osteoclasts, and an approximately 96% reduction was observed in the group treated with 10 μM DTOGG ([Fig. 1D](#f1-bmb-52-409){ref-type="fig"}). We next evaluated the effect of DTOGG on the viability of BMMs to confirm whether the anti-osteoclastogenic effect of DTOGG was due to its cytotoxic activity. DTOGG at concentrations of up to 10 μM was not cytotoxic to murine BMMs ([Fig. 1B](#f1-bmb-52-409){ref-type="fig"} and [Supplementary Fig. 1](#s1-bmb-52-409){ref-type="supplementary-material"}). Hence, DTOGG may specifically inhibit osteoclast differentiation *in vitro*.

Effect of DTOGG on osteoclastic bone resorption
-----------------------------------------------

To investigate the effect of DTOGG on the bone-resorbing function of mature osteoclasts, we performed the resorption pit formation assay. BMMs were seeded on bone slices and differentiated into osteoclasts in osteoclast-inducing media for 3 days. Next, DTOGG at 10 μM was added to the osteoclast-inducing media for an additional day. We observed that resorbed area was significantly greater in the vehicle-treated control than in DTOGG-treated cells ([Fig. 2A and 2B](#f2-bmb-52-409){ref-type="fig"} left graph). On the contrary, the number of osteoclasts was not changed ([Fig. 2B](#f2-bmb-52-409){ref-type="fig"} right graph). These results suggested that DTOGG suppressed the bone-resorbing activity of osteoclasts.

Effect of DTOGG on the formation of actin rings and expression of osteoclast marker genes
-----------------------------------------------------------------------------------------

The actin ring is a morphological feature of osteoclasts and essential for osteoclastic bone resorption ([@b16-bmb-52-409]). We observed that vehicle-treated control cells formed circular actin rings around the cell periphery ([Fig. 3A](#f3-bmb-52-409){ref-type="fig"}). On the contrary, cells treated with DTOGG hardly formed peripheral actin rings ([Fig. 3A and 3B](#f3-bmb-52-409){ref-type="fig"}).

Because NFATc1 acts as a major transcription factor in osteoclastogenesis and induces its target genes associated with osteoclast differentiation and function ([@b17-bmb-52-409]), we therefore investigated the effect of DTOGG on NFATc1 nuclear localization and the mRNA expression of its target genes. As shown in [Fig. 3A and 3C](#f3-bmb-52-409){ref-type="fig"}, the number of nuclear NFATc1- positive cells was significantly reduced by DTOGG treatment. Consistent with the DTOGG-induced reduction of NFATc1 mRNA and protein levels, the mRNA expression of osteoclast-related genes, such as *Acp5*, *Ctsk*, and *Dcstamp*, was significantly downregulated in DTOGG-treated cells ([Fig. 3D and 3E](#f3-bmb-52-409){ref-type="fig"}).

Effect of DTOGG on RANKL-stimulated intracellular signaling
-----------------------------------------------------------

Activation of MAPKs and NF-κB signaling pathways, two major intracellular signaling for osteoclast formation, are triggered by the binding of RANKL to its receptor, RANK ([@b18-bmb-52-409]). To examine the molecular mechanism of the anti-osteoclastogenic action of DTOGG, BMMs were pretreated with 10 μM DTOGG and stimulated with RANKL. Next, we examined the activation of MAPKs and NF-κB signaling pathways. Phosphorylation of p38, ERK, and JNK was observed in both the vehicle control and DTOGG-pretreated cells ([Fig. 4A](#f4-bmb-52-409){ref-type="fig"}). However, RANKL-stimulated phosphorylation of IκBα and p65 was lower in cells pretreated with DTOGG than in vehicle-treated control cells ([Fig. 4B](#f4-bmb-52-409){ref-type="fig"}). These data indicated that DTOGG exerted an anti-osteoclastogenic effect by regulating the NF-κB signaling pathway.

DISCUSSION
==========

Because prolonged treatment with synthetic antiresorptive drugs, including bisphosphonate, can cause serious side effects, there is a growing interest in natural products that may be more appropriate as long-term treatments for osteoclast-mediated bone disorders. A number of bioactive compounds, including flavonoids, terpenoids, polyphenols, and glucosides, which are derived from natural plant or herbs, have been identified to possess therapeutic and protective effects against bone diseases ([@b19-bmb-52-409]). These compounds downregulate RANKL-mediated osteoclast differentiation and/or bone resorption by modulating various signaling pathways and regulating the expression of critical transcription factors and osteoclast specific markers. Among them, tannins, polyphenolic compounds, have been reported to exhibit beneficial effects, such as antiviral, anticancer, and antioxidant effects ([@b20-bmb-52-409]--[@b22-bmb-52-409]). As a part of a study on the discovery of novel anti-osteoclastic drugs from natural products, we isolated DTOGG, a hydrolysable tannin, and examined its role in osteoclast formation and function.

Osteoclasts are formed from monocytes/macrophages through cell commitment and cell fusion processes ([@b23-bmb-52-409]). DTOGG significantly impaired the formation of multinucleated osteoclasts in a dose-dependent manner ([Fig. 1C](#f1-bmb-52-409){ref-type="fig"}). Osteoclasts express specific genes required for proper osteoclast differentiation and bone-resorbing function, such as *Dcstamp* and *Ctsk*. Osteoclasts isolated from mice lacking DC-STAMP fail to fuse and form multinucleated giant cells, which leads to impaired bone-resorbing activity ([@b24-bmb-52-409]). Cathepsin K is the primary bone-degrading enzyme, and cathepsin K deficiency causes dysfunctional bone resorption, resulting in skeletal abnormalities ([@b25-bmb-52-409]). DTOGG treatment both suppressed the induction of osteoclastogenesis-associated genes in the presence of RANKL ([Fig. 3D](#f3-bmb-52-409){ref-type="fig"}) and attenuated the formation of multinucleated osteoclasts ([Fig. 1D](#f1-bmb-52-409){ref-type="fig"}), indicating that this compound affected osteoclast formation.

It is well established that NFATc1 is the key transcription factor of RANKL-mediated osteoclastogenesis, which encourages the expression of osteoclast-specific genes ([@b5-bmb-52-409]). MAPKs and NF-κB, downstream effector molecules of the RANKL/RANK signaling, are responsible for the induction of NFATc1 ([@b26-bmb-52-409]). Especially, deficiencies in both the p50 and p52 subunits of NF-κB leads to the development of osteopetrosis due to failure of osteoclast formation ([@b27-bmb-52-409]). A further study showed that osteoclastogenic cytokines, such as RANKL, are unable to differentiate osteoclast precursors derived from NF-κB double-knockout mice into osteoclasts ([@b28-bmb-52-409]). These reports established that NF-κB signaling is essential for the differentiation and bone-resorbing function of osteoclasts. In this study, DTOGG did not prevent the phosphorylation of MAPKs ([Fig. 4A](#f4-bmb-52-409){ref-type="fig"}). However, the NF-κB signaling pathway was dramatically suppressed by pretreatment with DTOGG ([Fig. 4B](#f4-bmb-52-409){ref-type="fig"}). As expected, the mRNA expression and nuclear localization of NFATc1 were significantly decreased by DTOGG ([Fig. 3](#f3-bmb-52-409){ref-type="fig"}), suggesting that the anti-osteoclastogenic effect of DTOGG was mediated through the inhibition of NF-κB pathway.

The principal function of osteoclasts is to break down calcified bone tissues and maintain bone and mineral homeostasis, a process called bone resorption. For proper bone resorption, the formation of actin rings is required to seal bone-resorbing area ([@b16-bmb-52-409]). Through phalloidin staining, we revealed that DTOGG prevented RANKL-induced formation of actin rings ([Fig. 3A](#f3-bmb-52-409){ref-type="fig"}). Addition of DTOGG significantly affected the bone-resorbing capacity of osteoclasts ([Fig. 2](#f2-bmb-52-409){ref-type="fig"}), indicating that DTOGG possessed both anti-osteoclastogenic and anti-resorptive properties.

In a previous study, we reported that furosin, a hydrolysable tannin, possesses an anti-osteoclastogenic activity; at a concentration of 10 μg/ml, it significantly suppresses the differentiation of BMMs or Raw264.7 cells into osteoclasts by modulating RANKL-induced activation of p38 and JNK signaling pathways ([@b29-bmb-52-409]). However, DTOGG exerted a similar inhibitory effect on osteoclast differentiation and bone resorption at a lower concentration (10 μM) than that of furosin, indicating that DTOGG was a more effective anti-osteoclastogenic and anti-resorptive agent than furosin.

In conclusion, DTOGG suppressed RANKL-induced osteoclastogenesis and the bone-resorbing activity of osteoclasts. The key inhibitory mechanisms of DTOGG include the inhibition of RANKL-stimulated NF-κB signaling pathway and downregulation of NFATc1.

MATERIALS AND METHODS
=====================

Mice and reagents
-----------------

Six-week-old C57/B6L mice were obtained from Dae Han Bio Link (Chungbuk, Korea). All animal experiments were approved by the committees on the care and use of animals in research at Kyungpook National University, and were conducted in accordance with the guidelines for the care and use of laboratory animals. Primary antibodies against phospho-p38, p38, phospho-JNK, phospho-ERK, ERK, phospho-p65, and phospho -IκBα were purchased from Cell Signaling Technology (Danvers, MA). Anti-NFATc1 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Recombinant M-CSF and RANKL were obtained from R&D Systems (Minneapolis, MN). Fetal bovine serum (FBS) and α-minimum essential medium (α-MEM) were purchased from Gibco BRL (Grand Island, NY). 2-*O*-digalloyl-1,3,4,6-tetra-*O*-galloyl-β-D-glucose (DTOGG, [Fig. 1A](#f1-bmb-52-409){ref-type="fig"}) was isolated from Galla Rhois collected in Asan-si, South Korea, and its extraction and isolation methods were described previously ([@b10-bmb-52-409]).

Osteoclast generation
---------------------

Mouse bone marrow cells harvested from the hind leg bones were cultured in α-MEM containing 10% FBS, and differentiated into bone marrow-derived macrophages (BMMs) in α-MEM supplemented with 10% FBS and 30 ng/ml M-CSF for 3 days, as previously described ([@b30-bmb-52-409], [@b31-bmb-52-409]). To generate osteoclasts, BMMs were incubated in an osteoclast-inducing media containing 20 ng/ml RANKL and 10 ng/ml M-CSF in the presence or absence of various doses of DTOGG. The media were changed every 2 days until multinucleated osteoclasts formed.

Cultured cells were fixed in 4% paraformaldehyde, and osteoclast formation was determined using an Acid Phosphatase, Leukocyte (TRAP) staining kit (Sigma-Aldrich, St. Louis, MO). TRAP-positive multinucleated cells with more than 3 nuclei were counted as osteoclast-like cells.

Cell viability assay
--------------------

BMMs were incubated in α-MEM containing 10% FBS and M-CSF (10 ng/ml) with or without various concentrations of DTOGG for 3 days. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the cells and formazan crystals were dissolved with dimethyl sulfoxide (DMSO) as described previously ([@b32-bmb-52-409], [@b33-bmb-52-409]). Cell viability was determined by measuring the absorbance at 570 nm using a 96-well microplate reader (BioRad, Hercules, CA).

Real-time PCR
-------------

BMMs were cultured in 6-well plates with or without 10 μM DTOGG in an osteoclast-inducing media. Total RNA was collected using TRI-solution (Bioscience, Seoul, Korea) according to the manufacturer's instructions, and 1 μg of RNA was converted into cDNA using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA). Real-time PCR was performed using a LightCycler 1.5 real-time PCR system (Roche Diagnostics, Basel, Switzerland) and the SYBR Premix Ex Taq (Takara Bio Inc., Shiga, Japan). The following primer sets were used: *Acp5*, 5'-TCCCCAATGCCCCATTC-3' and 5'-CGGTTCTGGCGATCTCTTTG-3'; *Ctsk*, 5'-GGCTGTGGAGGC GGCTAT-3' and 5'-AGAGTCAATGCCTCCGTTCTG-3'; *Dcstamp*, 5'-CTTCCGTGGGCCAGAAGTT-3' and 5'-AGGCCAGTGCTG ACTAGGATGA-3'; *Nfatc1*, 5'-ACCACCTTTCCGCAACCA-3' and 5'-TTCCGTTTCCCGTTGCA-3'.

Western blotting analysis
-------------------------

Cell lysates were prepared with RIPA buffer containing protease and phosphatase inhibitors. Protein concentration was determined using the Pierce BCA protein assay kit. Proteins (25 μg) were separated by 10% SDS-PAGE. The separated proteins were transferred to a nitrocellulose membrane (Whatman, Florham Park, NJ) ([@b34-bmb-52-409]). The membrane was immersed in TBS blocking buffer \[3% non-fat dry milk in TBS-T (25 mM Tris-HCl, pH 7.4; 150 mM NaCl; and 0.1% Tween 20)\] for 1 h and then incubated with specific primary antibodies at 4°C overnight. The membrane was incubated with HRP-conjugated secondary antibodies for 1 h. Protein signals were detected using a WesternBright ECL kit (Advansta, Menlo Park, CA) and a chemiluminescence imager (Azure Biosystems, Inc., Dublin, CA).

Immunofluorescence staining
---------------------------

BMMs were plated on glass coverslips and incubated in an osteoclastogenic media containing 10 ng/ml M-CSF and 20 ng/ml RANKL with 10 μM DTOGG or vehicle. The cells were fixed with 4% paraformaldehyde and permeabilized with Triton X-100. The cells were blocked with 3% bovine serum albumin (BSA) in PBS and incubated with NFATc1 primary antibody at 4°C overnight. At the next day, the cells were incubated with Alexa Fluor-488 conjugated secondary antibodies and F-actin and nuclei were stained, respectively, with rhodamine-conjugated phalloidin (Cytoskeleton, Denver, CO) and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI; Santa Cruz Biotechnology). The cells were observed with a Leica DM 2500 fluorescence microscope (Leica Microsystems, Wetzlar, Germany).

Resorption pit assay
--------------------

BMMs were plated on bone slices (IDS Nordic Bioscience, Herlev, Denmark) and cultured in the presence of M-CSF (10 ng/ml) and RANKL (20 ng/ml) for 3 days ([@b35-bmb-52-409]). Next, the cells were treated with 10 μM DTOGG or vehicle. After incubation for 24 h, the cells were removed, and resorbed pit area was visualized by hematoxylin staining and quantified using the i-Solution image analysis program (IMT i-Solution; Daejeon, Korea).

Statistical analysis
--------------------

Experiments were conducted three times, and all data are expressed as mean ± standard deviation (SD) and compared by the two-tailed Student's *t*-test or one-way analysis of variance (ANOVA) with Tukey's multiple comparison post-hoc test. \*P \< 0.05 or \*\*P \< 0.01 was considered to be statistically significant.
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![DTOGG suppressed RANKL-induced osteoclast formation. (A) Chemical structure of 2-*O*-digalloyl-1,3,4,6-tetra-*O*-galloyl-β-D-glucose (DTOGG). (B) BMMs were incubated with M-CSF (10 ng/ml) and different concentrations of DTOGG for 3 days. Cell viability was measured by the MTT assay. (C) Bone marrow-derived macrophages (BMMs) were cultured in osteoclastogenic medium containing M-CSF (10 ng/ml) and RANKL (20 ng/ml) in the presence of DTOGG (1, 5, or 10 μM) or vehicle. The cells were stained to examine TRAP activity. (D) The number of TRAP-positive osteoclasts was counted. The results are representative of three independent experiments. \*\*P \< 0.01 and \*P \< 0.05 versus vehicle-treated control (two-tailed Student's *t*-test).](bmb-52-409f1){#f1-bmb-52-409}

![DTOGG attenuated the formation of resorption pits. (A) Bone marrow-derived macrophages were seeded onto bone slices and cultured in an osteoclastogenic medium to induce osteoclast differentiation. After 3 days, the cells were treated with DTOGG (10 μM) and incubated for 24 h. Next, the cells were washed, and resorbed areas were visualized by staining with Mayer's hematoxylin. Scale bar, 100 μm. (B) Resorption areas (left) were quantified using the i-Solution program, and the number of multinucleated osteoclasts (right) was scored. The results are representative of two independent experiments. \*P \< 0.05 versus vehicle-treated control (two-tailed Student's *t*-test).](bmb-52-409f2){#f2-bmb-52-409}

![DTOGG inhibited actin ring formation and the mRNA expression of osteoclastic marker genes. (A) Bone marrow-derived macrophages were plated on glass coverslips and incubated with M-CSF (10 ng/ml) and RANKL (20 ng/ml) in the presence or absence of 10 μM DTOGG. Localization of NFATc1 (green) was investigated by immunostaining. Nuclei and F-actin were stained with DAPI and rhodamine-conjugated phalloidin, respectively. Yellow dashed box: magnified region. Scale bar, 50 μm. Quantitative analysis of percentage of (B) osteoclast containing actin rings and (C) cells with nuclear NFATc1. (D) The mRNA expression of NFATc1 (*Nfatc1*), Cathepsin K (*Ctsk*), DC-STAMP (*Dcstamp*), and TRAP (*Acp5*) was evaluated using real-time PCR. (E) Immunoblotting was performed to assess the protein expression levels of NFATc1 and cathepsin K. The results are representative of three independent experiments. \*\*P \< 0.01 and \*P \< 0.05 versus vehicle-treated control (two-tailed Student's *t*-test).](bmb-52-409f3){#f3-bmb-52-409}

![DTOGG suppressed RANKL-induced NF-κB signaling pathway. (A, B) Bone marrow-derived macrophages were cultured in a serum-free medium, pretreated with or without 10 μM DTOGG for 1 h, and stimulated with 50 ng/ml RANKL. The expression of (A) phosphorylated-p38, -ERK, -JNK, (B) -IκBα, and -p65 was analyzed by western blotting. β-actin was used as the loading control. The graphs show the quantification of band intensities for phosphorylated-IκBα and -p65 levels to β-actin. The results are representative of three independent experiments. \*P \< 0.05 versus vehicle-treated control (one-way ANOVA/Tukey).](bmb-52-409f4){#f4-bmb-52-409}
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